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Spin freezing in the A-site spinel FeAl 204 which is a spin liquid candidate is studied using remnant mag¬ 
netization and nonlinear magnetic susceptibility and isofield cooling and heating protocols. The remnant mag¬ 
netization behavior of FeAl 204 differs significantly from that of a canonical spin glass which is also supported 
by analysis of the nonlinear magnetic susceptibility term Xi{T). Through the power-law analysis of Xi{T), 
a spin-freezing temperature, Tg = 11.4±0.9 K and critical exponent, 7 = 1.48±0.59 are obtained. Cole-Cole 
analysis of magnetic susceptibility shows the presence of broad spin relaxation times in FeAl 204 , however, the 
irreversible dc susceptibility plot discourages an interpretation based on conventional spin glass features. The 
magnetization measured using the cooling-and-heating-in-unequal-fields protocol brings more insight to the 
magnetic nature of this frustrated magnet and reveals unconventional glassy behaviour. Combining our results, 
we arrive at the conclusion that the present sample of FeAl 204 consists of a majority spin liquid phase with 
’’glassy” regions embedded. 

PACS numbers: 75.25.-j, 75.30.Et, 75.50.-y 


AB 2 Xi {A = Mn, Fe, Co; B = Al, Sc, Rh; AT = O, S) com¬ 
pounds where a magnetic atom occupies the tetrahedrally co¬ 
ordinated A site are known as A-site spinels and are frustrated 
magnets where the frustration effects arise from competing 
nearest neighbor {n.n.) and next-nearest neighbor {n.n.n.) ex¬ 
change interactions [1-4]. The spinel structure is composed of 
diamond lattice formed by the A site atoms and pyrochlore 
network of the B site. The ideal diamond lattice with only n.n 
interactions is not geometrically frustrated in contrast with 
the pyrochlore lattice which is inherently geometrically frus¬ 
trated. Additional n.n.n. interactions are necessary to cre¬ 
ate frustration in the diamond lattice. In A-site spinels, frus¬ 
tration in the diamond lattice can manifest as ’’spiral” spin 
liquid[5], spin liquid[2, 6], orbital liquid[4], orbital glass[3] 
or a spin-orbital singlet state with quantum critical point[7] 
and hence these materials are of immense interest to con¬ 
densed matter physicists. Specifically, the theoretical work 
by Bergmann et a/., [5] which invokes the mechanism of ’’or¬ 
der by disorder”[8] as the degeneracy-breaking mechanism, 
predicts the emergence of a ’’spiral” spin liquid in the A-site 
spinels which is characterized by a manifold of degenerate 
ground states in a system devoid of defects. In a subsequent 
work, the influence of quenched random impurities such as a 
random bond, a vacancy or an interstitial spin on the ’’spiral” 
spin liquid properties was undertaken[9]. It was found that 
quenched disorder can act as a degeneracy-breaking mech¬ 
anism. A ’’swiss cheese model” was introduced which ex¬ 
plained, to some extent, the contrasting findings of long-range 
ordered and ’’glassy” magnetic ground states reported for the 
spinel CoAl204[l, 10]. The fact that the magnetic properties 
of A-site spinels are governed by two factors - frustration and 
site disorder - has been reiterated through experimental stud¬ 
ies on Al-based systems[l 1-13]. A magnetic phase diagram 
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FIG. 1: (color online) The thermoremanent (TRM) and the isother¬ 
moremanent (IRM) curves for FeAl 204 at 4 K as a function of ap¬ 
plied magnetic field. The TRM and IRM responses of FeAl 204 are 
characteristically different from that of a canonical spin glass or a su- 
perparamagnet (see [14] for a comparison of TRM and IRM curves 
of different magnetic systems). 


for C0AI2O4 tuned by the defect content (77, the inversion pa¬ 
rameter) has been proposed, where spin liquid and spin glass 
phases compete as a function of ?7[13]. 

The effect of weak disorder on geometrically frustrated 
lattices has been treated theoretically in the parlance of fully- 
frustrated Ising[15] and Heisenberg systems [16, 17]. Though 
these theoretical studies have pointed towards the realization 
of a spin glass state at low temperature due to the weak dis¬ 
order effect, the question whether additional random inter¬ 
actions on the top of frustration would lead to a ’’true” spin 
glass phase at low temperatures remains relevant[18]. Our 
previous studies on the A-site spinels FeAl204 and MnAl204 
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FIG. 2: (color online) (a) The temperature dependence of field- 
cooled dc magnetization plots of FeAl 204 at various applied fields in 
the range 100 Oe (black open circles, bottom curve) to 50 kOe (black 
closed circles, top curve). M versus H plots at different temperature 
values are extracted from this data, (b) Shows the third harmonic of 
nonlinear susceptibility, X 3 > along with a power-law fit (solid line) 
using X3 = X 3 (T/Tg-l)-^. 


using magnetometry and polarized neutron diffraction have 
revealed the presence of significant spin correlations aris¬ 
ing purely from frustration effects[12]. MnAl 204 was ob¬ 
served to posses an ordered magnetic state below « 45 K 
whereas FeAl 204 exhibited only short-range order until down 
to 4 K. In the present work, we study the spin freezing in 
FeAl 204 through ac and dc nonlinear susceptibility and ther¬ 
moremanent (TRM) and isothermoremanent (IRM) magneti¬ 
zation along with other magnetization protocols with the aim 
of elucidating the magnetometric ’’signature” of a spin liquid. 
To the best of our knowledge, it is a first attempt to use the 
TRM/IRM signatures to understand a spin liquid system. 

The magnetic measurements reported in this work were 
all performed on polycrystalline pellets (the details of the 
sample-preparation are discussed in our previous publication 
[12]) using a commercial SQUID magnetometer. Quantum 
Design Inc. In order to measure TRM, the sample was field- 
cooled down to 4 K from 300 K; the magnetic field was 
switched off and the remnant magnetization was recorded 
instantly. Similarly, for IRM, the sample was cooled in 
zero field down to 4 K from 300 K, the magnetic field was 
switched on and instantly switched off to measure the rem¬ 
nant magnetization[14]. The measurements were repeated for 
different values of applied magnetic field. In Fig 1 the field de¬ 
pendence of TRM/IRM of FeAl 204 are presented. The rem¬ 
nant magnetization curves are evidently distinguished from 
those of canonical spin glasses but resemble that of a diluted 
antiferromagnet in field (DAFF)[14] albeit with some notable 


differences. In the case of DAFF, the IRM response is ex¬ 
pected to be identically zero for all fields and the TRM is nor¬ 
mally inversely proportional to the domain size. In FeAl 204 
however, IRM-response is not zero but reaches up to a value 
which is half that of the TRM-response at high fields. The 
field-stability observed in the case of FeAl 204 is a notable 
feature especially when the remnant magnetization response 
does not show any similarity to canonical spin glasses[14]. 

In order to understand more about the spin-freezing process 
in FeAl 204 , we performed dc magnetic measurements to ex¬ 
tract the nonlinear susceptibility terms. The nonlinear terms 
of dc susceptibility are sensitive to the spin freezing order pa¬ 
rameter. In order to estimate the nonlinear contributions, the 
magnetization data were obtained under field-cooled condi¬ 
tions in the range 3-50 K for different values of applied mag¬ 
netic fields in the range 100 Oe - 50 kOe, see Fig 2. Prior to 
each measurement, the sample was heated up to 150 K and 
then field-cooled to lowest temperature in order to measure 
the magnetization as a function of temperature. The nonlinear 
susceptibilities are extracted from the magnetization data by 
writing; 

M/HiT)=xi{T)-X3iT)H^ + 0{H^) (1) 

= xi{T) - a3{T)xl{T)H^ + OiH*) (2) 

Xni{T,H) = l-M{T,H)/xiH (3) 

where Xi(T) is the linear susceptibility at temperature T, 
XsiT) is the third harmonic of nonlinear susceptibility, the 
coefficient 03 = X 3 /(Xi)^ Xni is the net nonlinear 
susceptibility [19]. The nonlinear terms of susceptibility were 
extracted from the data following a polynomial fit to the mag¬ 
netization using M = XiH — Xz^^ + ■ The xi 

and X 3 terms extracted from the fit (see the inset of Fig 2) 
show a peak at « 13 K (T^ is designated as the tempera¬ 
ture at which a peak is observed in the magnetic response in 
Fig 2). In order to test static criticality wherein the xa term 
should diverge, a fit was administered using the power-law, 
X 3 = X 3 {T/Tg — 1)”"''. Here, Tg is the glass-transition tem¬ 
perature and 7 is a critical exponent. The fit yielded Tg = 
11.4±0.9 K, 7 = 1.48±0.59. The 7 value is smaller than that 
observed generally in spin glasses [ 20 ] but much greater than 
that for a mean-field system. The net nonlinear susceptibility 
was obtained as Xni = (1 ~ M/xiH). A plot of Xni versus 
is presented in Fig 3. From the power law dependence, 
Xni {T = Tg,H)<xH^/\ an estimate of the critical exponent 
5 can be obtained as the slope of the plot of natural logarithm 
of Xni and H. This led to an estimate of 5 = 3.57±03 in the 
present case. The low-field limiting case, when writing Xni = 
iF 2 /- 5 /(T-( 7 -WJ)/ 2 /^)^ where r = {T/Tg - 1), is xm = 

/{i+P)^ then ^ = 1 H- 7 //?. In Fig 3 (b), a scaling plot with 
5 = 3.57 demonstrates the data collapse onto a universal plot 
for temperatures below 25 K. 

From the neutron diffraction studies using polarized 
neutrons[ 12 ], it is clear that short-range spin-spin correlations 
assume importance in this material. The short-range mag¬ 
netic order in frustrated magnets reflect as a statistical dis¬ 
tribution of relaxation times where each cluster acts as inde¬ 
pendent unit[21]. This distribution of relaxation times can be 
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experimentally extracted through the analysis of complex ac 
magnetic susceptibilities. For this purpose, the real and imag¬ 
inary parts of the complex ac magnetic susceptibilities were 
recorded for FeAl 204 using a commercial Physical Property 
Measurement System. The ac susceptibility data, %(/, T), did 
not present a clear shift in the peak-value with frequency (pre¬ 
sented in [ 12 ]) as is normally observed in the case of canonical 
spin glasses [22]. However, in the presence of applied dc mag¬ 
netic field, the peak in %(/, T) was observed to broaden. At 
this point it is interesting to note the case of another frustrated 
magnet Dy 2 Ti 207 , which is a spin ice, where the application 
of dc magnetic field raised the spin freezing temperature[23]. 
The spin dynamics in Dy 2 Ti 207 spin ice in the limit of very 
low disorder was peculiar with very narrow range of relax¬ 
ation times and was claimed to represent a new form of spin 
freezing in a frustrated magnet. 

The spin dynamics and the relaxation time distribution in 
frustrated or glassy magnets can be analysed using the Cole- 
Cole formalism which is the magnetic analogue of the De¬ 
bye model developed for frequency dispersion of dielectric 
response [24]. The relaxation of a magnetic system can be for¬ 
mulated as, 

X = Xs + [(Xo - X^)/(l + (*wTc)^"“)] (4) 

where xo Xs are the isothermal (lu = 0) and adiabatic 
(w — ?► oo) susceptibilities respectively and Tc is the median re¬ 
laxation time around which the distribution of relaxation times 
occur. The parameter a describes the ’’flatness” of the distri¬ 
bution times; a = 1 corresponds to infinitely wide distribution 
whereas a = 0 gives the familiar Debye relaxation with a sin¬ 
gle relaxation time. The ideal case of single relaxation time 
can be contrasted from the case where a distribution of relax¬ 
ation times are present[25]. Equation (4) can be decomposed 
to obtain the relation; 

_sin[(l/2)/37r]_ 

cosh[/31n(u;rc)] -f cos[(l/2)/37r] 



x”M = x° 1 



FIG. 3: (color online) (a) The nonlinear susceptibilities, Xni, as a 
function of at different selected temperatures above and below Ta 
(which is identified as the peak observed in dc magnetization curves 
in Fig 2). (b) The scaling plot of the data presented in (a) with S = 
3.57 clearly brings out the data collapse conforming to the scaling 
exponent, <5 (see text). 
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FIG. 4: (color online) (a-d) The Cole-Cole plot (x”-xO at different 
temperatures below 30 K supports the claim of a broad distribution 
of relaxation times in FeAl 204 . The numbers in (a) indicate the ap¬ 
plied frequency in Hz. The x-axis is offset from zero for clarity of 
the graph, (e) presents the dependence of x' on frequency, (f) The 
imaginary part of the magnetic susceptibility, x’\ as a function of 
frequency along with the theoretical curve according to Eqn 5. (g) 
The parameter a has a magnitude around 0.8 which indicates a broad 
relaxation. 


where w = lirf and and /? = (1 - a). The Cole- 

Cole plots obtained for FeAl 204 are presented in Fig 4 (a-d) 
for the temperatures 4.5, 7.5, 10.5 and 30 K showing a ’’flat” 
spin relaxation compared to the case of Dy 2 Ti 207 where a 
semi-circular arc was obtained[23]. A flat Cole-Cole plot for 
FeAl 204 indicates broad relaxation times are present in the 
system. Fig 4 (e) shows the frequency variation of the real 
part of susceptibility. The imaginary part of susceptibility, 
x” if), as a function of frequency was fitted to the Eqn (5) 
at various temperatures as shown in Eig 4 (f). The x” does 
not follow a single relaxation time as per the Casimir-du 
Pre relation x”(/) = /^[(xo - Xs)/(1 + used for 

spin ice [23]. The parameter a extracted from the fit (Eig 4 
(g)) displays a value around 0.79±0.05 at low temperatures 
thereby indicating the strong relaxation present, compared to 
the spin ice Dy 2 Ti 207 which had a ~ 0.5. Alternatively, the 
value of « 0.2 also implies a deviation from mean-field 
value. 

The importance of quenched disorder on the spin liquid 
properties of A-site spinels have been theoretically treated 
in the recent literature [9]. A systematic dependence of the 
ground state spin liquid properties of the spinel C 0 AI 2 O 4 
on the content of disorder, p, has been experimentally 
investigated recently[13]. The proposed T-r\ phase diagram 
shows that the spin liquid phase is stable only for low content 
of disorder. With the p > 0.08, though high degeneracy 
of ground states exists in the spin liquid state, a spin glass 
ground state is selected by the system. The magnetic ordering 
in the spin glass phase in the presence of applied held can 
be studied by plotting the irreversible susceptibility, AM /H 
= (Mpc - MzfcVH as presented in Eig 5. The disordered 
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spin glass compositions of C 0 AI 2 O 4 showed the occurrence 
of a ’’weak” and a ’’strong” irreversibility as slope-changes in 
AM/i?[13]. Such two-step irreversibilities are commonly 
observed for canonical spin glasses, for example, CuMn[26] 
and Y 2 Mo 207 [ 27 ]. Any indication of such two-step irre¬ 
versibilities are absent in Fig 5. 

A previous work by MacDougall et. aZ.,[10] on single 
crystals of C 0 AI 2 O 4 put forward the idea of kinetic freezing 
of domain walls inhibiting the long-range magnetic order. 
This concept was highlighted as prevailing in a broader class 
of frustrated magnets and, would then, offer an explanation 
to the reports of ’’anomalous” glassy behaviour. When a first 
order magnetic phase transition is kinetically inhibited, it can 
give rise to metastable states which are then referred to as 
’’magnetic glasses”. [28] The kinetics of the phase transition 
can, for example, get arrested due to the coexistence of a 
metastable and a transformed stable state at low temperature. 
Several studies [29-31] investigating hrst order magnetic 
phase transitions have used the ”cooling-and-heating-in- 
unequal-fields” (CHUF) protocols to confirm metastable 
states at low temperatures or to distinguish the equilibrium 
phase from a glass-like phase. In order to gain more insight 
in to the spin freezing in FeAl 204 , we have performed CHUF 
measurements. The results are presented in Fig 6 . 

We have performed two protocols under the CHUF mea¬ 
surements. In the first set (CHUFl), the sample is field-cooled 
from 300 K to 2 K at iFc = 50 kOe (also repeated for He 
= 10 kOe ). At 2 K, the field is put to zero and various 
applied fields of = 500 Oe, 5 kOe, 8 kOe, 20 kOe and 
30 kOe were used to measure magnetization while warming 
the sample. In the second set (CHUF2), various applied fields 
(20, 30 and 50 kOe) were used to held-cool the sample to 
2 K but the magnetization was measured in the warming 
cycle using a constant held of 10 kOe. The results of the 
hrst set of experiments using He = 50 kOe (CHUFl) are 
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FIG. 5: (color online) The ’’irreversible” dc susceptibility AM/H 
of FeAl 204 where AM = (Mpc - Mzfc)- The irreversibility tem¬ 
perature is shown as Tier and is indicated by arrows. The dash-dotted 
lines are guides to the eye. 



FIG. 6: (color online) (a,b) Magnetization as a function of tem¬ 
perature using the protocol of CHUFl: the sample was cooled in a 
constant held of He = 50 kOe (a) or He = 10 kOe (b) and the mag¬ 
netization is measured while warming in various applied helds, iF™, 
as marked in the hgure. (c) The magnetic response under the pro¬ 
tocol of CHUF2: the sample was cooled in different applied helds. 
He, while the magnetization was measured in a constant held, Ff™ 
= 10 kOe. (d) A held-cooled magnetization measurement in cooling 
and warming cycles do give evidence for any thermal hysteresis. 


presented in Fig 6 (a) for He = 50 kOe and in (b) for He = 
10 kOe . A notable difference in the magnetization prohle 
using the CHUF protocol is the increase in magnetization 
with increasing value of H^j- It is also interesting to note 
that the higher the value of He used to cool through Tg, the 
more responsive is the magnetization roughly below the Tg. 
An anomaly close to the Ta becomes more prominent and 
broadened as H^ reaches 20 kOe. This could imply that 
some part of the kinetically arrested ’’glassy” phase is trans¬ 
formed into an equilibrium phase. The results of CHUF2 are 
presented in Fig 6 (c). It can be noted that in this protocol, the 
magnetization remains the same irrespective of the cooling 
field until Ta is reached. Below Ta, when He > Hw there is 
an enhancement of magnetization. However, the temperature 
range measured below Ta is inadequate to conclude with 
authority about a general trend. The result of a field-cooled 
magnetization measurement at 500 Oe performed in warming 
and cooling cycles presents no signiheant thermal hysteresis, 
see Fig 6 (d). 

The purpose of our work was to search for magnetometric 
’’signatures” of the spin liquid phase in the frustrated diamond 
lattice antiferromagnet exemplified by the A-site spinels. 
Frustration effects induced by the n.n.n exchange competition 
leads to a degenerate ground state of spin spirals in this 
system. The degeneracy of the ground state may be lifted by 
the ’’order by disorder” mechanism or by quenched random 
disorder. While the spiral spin liquid phase persists even in 
the presence of finite weak disorder, a spin glass or glass-like 
feature can develop due to the effect of disorder. Our study 
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confirms that FeAl 204 consists of a majority phase that is 
predominantly short-range ordered like a spin liquid and a 
minority phase thats remains ’’glassy”. It is shown that the 
’’glassy” phase transforms under the influence of suitable 
applied fields clearly evidenced in the CHUF experiments. 

We conclude that the TRM/IRM ’’landscapes” of FeAl 204 
are quite different from those of a canonical spin glass or a 
superparamagnet though some similarity to DAFF systems 
can be assumed. Nonlinear susceptibility and critical analysis 
of higher harmonic terms leads to exponents very similar to 
those obtained for comparable systems of frustrated magnet 
class of materials. However, a scaling relation advised for 
spin glasses according to the common prevailing understand¬ 
ing of this class of ordering phenomena is not met. Studying 
the dynamics of spin relaxation using Cole-Cole formalism, 
it is found that a broad relaxation is present in FeAl 204 as 


signified by a high value of a. The ’’irreversible” part of dc 
susceptibility indicates no sign of a conventional spin glass 
freezing. We argue that FeAl 204 resides near the spin liquid - 
spin glass boundary in the T — tj phase diagram proposed for 
A-site spinels [13]. This picture is reinforced by the results of 
the magnetization measurements using CHUF protocols. Our 
study could be extended to other spin liquid systems where, 
using the combination of TRM/IRM responses, Cole-Cole 
analysis and the CHUF protocols one could obtain ’’maps” of 
spin-liquid states in frustrated magnets. 
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